ABSTRACT: In a laboratory experiment, we sought to identify effects of metabolic rate on the survival and growth of individual larvae of Clupea harengus L. The size of the otolith at hatch was used as a measure of standard metabolic rate (SMR) to test the hypotheses that (1) larvae with a low SMR survive longer than larvae with a high SMR during starvation, and (2) larvae with a high SMR grow faster than larvae with a low SMR during periods of high food availability. Herring larvae were reared in replicate tanks with either high, low or no food. Dead larvae were sampled twice daily and live larvae were sampled weekly. The longevity of the larvae was unrelated to their SMR in all treatments and, therefore, the first hypothesis was rejected. However, a positive correlation between otolith size-at-hatch and larval dry weight after hatch (r = 0.48, df = 100, p < 0.001) suggested that the hypothesised negative effect of high SMR on longevity may be offset by higher energy reserves (i.e. more yolk) in these larvae. In both high-level food groups there was a significant association between sagitta growth and sagitta size-at-hatch (H1, χ 2 = 5.17, df = 1, p = 0.023; H2, χ 2 = 4.75, df = 1, p = 0.029) and, therefore, the second hypothesis was supported. However, large otolith size-at-hatch was also observed in slow-growing larvae, hence a high SMR may be a prerequisite for fast growth, but does not necessarily result in fast growth.
INTRODUCTION
Larvae of highly fecund marine fishes suffer an extremely high natural mortality rate, such that any particular individual is very unlikely to survive to recruitment. The two most important processes governing larval survival are predation and starvation, which combined can cause a mortality rate of up to 50% d -1 for a larval cohort (Bailey & Houde 1989) . Starvation, predation and most of the other mortality mechanisms show a strong size-dependency (Miller et al. 1988) , and mortality rates decrease rapidly with increasing size for marine fish species, and for the early life history stages in particular (McGurk 1986 , Bailey & Houde 1989 . Consequently, the growth rate of the individual larva and size-at-age as a regulator of early survival has received a great deal of attention.
In trying to identify why some larvae grow faster than others and supposedly survive better, the primary focus has been on exogenous factors such as temperature and food availability. While it is true that these factors are major determinants of larval growth rates, a larval cohort still shows considerable size-variability when reared in the same environment and given excess food (Metcalfe et al. 1992) . This suggests that endogenous factors account for a substantial amount of variation in growth, something which is accentuated by the high heritability of growth rates (e.g. Purdom 1993).
Fast growth requires high digestive and metabolic enzyme activities to allow for fast conversion of ingested prey to somatic tissue, and enzyme activity has been used as an indicator of nutritional condition for marine fish larvae (Ferron & Leggett 1994) . In support of this, Nathanailides & Stickland (1996) found fast-growing Atlantic salmon to exhibit increased metabolic enzyme activity, indicating that fast growth is associated with a higher capacity for aerobic metabolism. Recently, differences in enzyme activities were shown to be influenced by maternal origin, indicating the existence of a predetermined baseline level of metabolic capacity (Patterson et al. 2004 ). Furthermore, Metcalfe et al. (1995) found that Atlantic salmon showing fast growth had higher standard metabolic rates, and it seems that standard metabolic rate (SMR) is a potential important endogenous regulator of larval growth rate.
Several studies support the notion that faster-growing larvae are favoured over slower-growing individuals (e.g. Meekan & Fortier 1996 , Hare & Cowen 1997 . However, under stressful environmental conditions there are possible fitness costs of having a high growth potential (Alvarez & Nicieza 2005) . Particularly, fastgrowing and high SMR larvae may be at a disadvantage in periods of nutrient stress (i.e. food-shortage) because of their higher energy demands (Arendt 1997 ). The energy reserves of fish larvae are very limited, and fast-growing larvae will use up their reserves faster, and die more quickly. A relatively low SMR will give a lower growth capacity but also a smaller energy-demand, and these larvae may be more competitive and survive longer in periods of food shortage than high SMR individuals. So, depending on the feeding conditions, there are both advantages and disadvantages of a high growth potential, and there may be a trade-off between starvation resistance and predation resistance. In an environment such as the sea, with unpredictable and patchy predator and prey densities, this would explain the occurrence of high variation in metabolic and growth rates (Chambers et al. 1988 , Bang et al. 2004 .
To examine this potential trade-off, we tested 2 hypotheses: (1) that larvae with a low SMR survive longer than larvae with a high SMR during starvation, and (2) that larvae with a high SMR grow faster than larvae with a low SMR during periods of high food availability. Testing these hypotheses has hitherto been hindered by the inability to identify individuals with low or high baseline growth, or its corollary metabolic rate, and the lack of means to track a sufficient number through time. Recently, otolith size-at-hatch has been used as a proxy for the predetermined standard metabolic rate (SMR) of the embryo (Bang et al. 2004 , Bang & Grønkjaer 2005 . Bochdansky et al. (2005) used this proxy to show that, when starved, radiated shanny Ulvaria subbifurcata larvae with a relatively small otolith size-at-hatch survived longer than conspecifics with a relatively large otolith size-at-hatch. Unfortunately, Bochansky et al. (2005) did not test for a potential trade-off with growth rate. In the present study, we examined the relationship between the SMR of embryos of Atlantic herring Clupea harengus (as approximated by their otolith size-at-hatch) and (1) the subsequent time to death, and (2) the growth of the larvae exposed to different prey levels.
MATERIALS AND METHODS
Experimental set-up. Ripe Norwegian autumnspawning herring Clupea harengus L. were caught on 10 October, 2002, off SW Norway (60°34' N, 05°01' E). Parental fish were chosen to create a large range in sizes and ages (Table 1) . Eggs from 3 females were fertilised separately with pooled sperm from 6 males by stripping gametes onto plastic sheets, and were then incubated in the laboratory at 12.0 ± 0.1°C in 2 incubation tanks (215 × 40 cm, 10 cm depth). Tanks were supplied with running sea water at a rate of 5 l min -1 . One day before hatching, the eggs were subjected to an immersion marking with alizarin red S (100 mg l -1 for 12 h). Just after hatching, 450 larvae (150 larvae from each female) were transferred to each of six 180 l green fibreglass rearing tanks, 2 tanks with a nominal prey concentration of 600 prey larva -1 (~3.3 prey larva -1 l -1 = high growth, H1 and H2), 2 tanks with a nominal prey concentration of 15 prey larva -1 (~0.08 prey larva -1 l -1 = low growth, L1 and L2), and 2 tanks without prey (starvation, S1 and S2). These prey concentrations were chosen based on previous studies of food-limited growth of herring larvae in the laboratory. One group of 100 larvae from each female were transferred to 5 l buckets and kept without food 234 as viability controls. These controls showed no difference in larval survival among females and experimental data was subsequently pooled across females. From Day 3 after hatch onwards, larvae were fed live natural zooplankton (mainly nauplii and copepods) filtered to the size range 80 to 250 µm. Prey concentrations in the tanks were assessed by counting five 200 ml pipette samples from different positions in each tank, so that a total of at least 50 prey items were counted from each tank. Prey was added daily to attain the nominal treatment prey concentration. In addition, 1 l of algae (Isochrysis galbana, 3 to 4 × 10 6 ml -1
; and Rhodomonas baltica, 1 to 1.5 × 10 6 ml -1
) was added daily to each tank. Continuous aeration was supplied to mix the water and ensure an oxygen saturation of > 90% at all times. During sampling, about 10% of the water in each tank was replaced daily. Incoming water was taken from 90 m depth, and salinity averaged 33.9 psu during the experiment. Temperature was 11.8 ± 0.2°C (range) in all tanks and in the buckets. The light regime was kept constant at 12:12 h light:dark and applied by a single 20 W halogen bulb over each tank. White plexiglass lids on top of each tank provided diffuse light and reduced light intensity to an average of 400 lx at the water surface (range 365 to 496 lx).
From Day 1, dead larvae were sampled twice daily by gently siphoning the bottom of all the tanks, however only larvae collected from Day 11 onwards were analysed. This was just before the onset of significant mortality and larvae dying prior to this were assumed to have done so because of events unrelated to starvation (e.g. malformation). From each tank a maximum of 20 dead larvae were analysed per day. On days when more than 20 larvae died, a random subsample was taken. In addition, starting on Day 4, 20 living larvae were sampled weekly from each tank to monitor larval growth of the different groups. Photographs of these growth control larvae were taken under a dissecting microscope for later measurements of standard length (SL). All sampled larvae were then stored in individually labelled Eppendorf tubes at -80°C until further analyses. After thawing and drying for 24 h at 60°C, the dry weight (DW) of the larvae from the growth control was recorded to the nearest µg on a Sartorius Micro M3P microbalance.
Otolith analyses. Both the right and left sagitta were removed from individual larvae under a dissecting microscope at 60× magnification using a polarised light source and fine insect needles mounted on handles. The unpolished otoliths were embedded in thermoplastic resin (Crystalbond™ 509), which was then reheated and the otoliths turned so analyses could be conducted on the sagittal plane. Furthermore, to avoid optical distortion, excess resin was removed so that only a thin layer covered the otoliths. All otoliths were essentially spherical, but a few with 2 or more cores or of irregular shape were omitted from further analyses. Marking success was high and only 2 otoliths failed to show an alizarin mark. The right sagitta from 445 larvae (growth controls) and 869 larvae (dead individuals) was measured. Digital pictures of the otoliths were taken at 400× magnification using an Olympus fluorescence microscope system equipped with an Olympus DP50 high-resolution video camera. The alizarin mark area and the total otolith area were measured manually on-screen with the image analysis software ImageTool 3.0 (UTHSCSA). Otolith area is a better estimate of otolith size than unidimensional measures (Meekan et al. 1998) . Measurement error was assessed by remeasuring the total sagitta area and alizarin mark area of 10 otoliths from each of the 2 high prey level growth controls from Days 11, 18 and 25 (a total of 60 otoliths and 120 measurements). No significant differences were found between any of the 6 groups of otoliths and their remeasurements (paired t-tests, df = 9, p >> 0.05). Coefficients of variation for otolith area and alizarin mark area were low (1.0 to 1.5 and 1.0 to 1.6%, respectively) and no trend was observed in the CV% with respect to age.
Statistical analyses. Statistical tests were performed using the statistical package SPSS for Windows. Total survival and average daily survival were estimated with an exponential model assuming that sampled larvae had been alive until the day of sampling. Missing larvae were not considered part of the initial population. The majority of missing larvae probably died prior to sampling at Day 11. No larvae could escape the experimental tanks, as no flowing water change was carried out, and older dead larvae were more easily found because of their larger size. Consequently, the interpretations of the results are not likely to be affected.
Based on the weekly growth samples of the herring larvae, mean daily growth rate in standard length was
, where L is the mean standard length at Time Periods t 1 and t 2 (d), respectively. Mean daily growth rates for dry weight and sagitta area were calculated as specific growth rates,
, and S = mean dry weight or mean sagitta area on Days t 1 and t 2 , respectively.
RESULTS

Survival and feeding
As expected, survival was dramatically different among the feeding levels (Fig. 1) . Generally, non-fed larvae (control, S1 and S2) exhausted their yolk sac around Day 5; on Day 12 they showed a sharp increase in mortality; by Day 14 they had suffered 50% mortality, and none survived beyond Day 17. Survival of larvae from the low-level feeding groups (L1 and L2) was similar to that of the starved groups, but with 100% mortality occurring on Days 20 and 26, respectively. Only larvae from the high-level feeding groups (H1 and H2) survived until the termination of the experiment, with 16 and 44% survival on Day 39, respectively. The estimated average daily mortality rates were 6.3 and 3.4% d -1 for the H1 and H2 groups, respectively. Despite careful sampling of dead larvae twice daily, on average 9.5% of the larvae in the tanks could not be accounted for by the end of the experiment. However, missing larvae showed no trend across feeding groups (1, 17, 3, 19, 10 and 7% for S1, S2, L1, L2, H1 and H2, respectively).
The average larva from the low-level feeding groups never initiated feeding, whereas larvae from the highlevel feeding groups began feeding immediately (Fig. 2) ).
Growth
Growth in standard length, dry weight, and sagitta area varied among feeding groups, with the largest differences observed in dry weight growth and sagitta area growth (Fig. 3) . Initially, growth rates in length were slow with no major differences among the feeding groups (Fig. 3) . At the end of the experiment, larvae from the high-level feeding groups (H1 and H2) had increased their growth but, overall, the length growth rate remained constant (around 0.15 mm d -1
). All groups initially lost weight; larvae from the high-level feeding groups (H1 and H2) at a slower rate than larvae from the low-level feeding (L1 and L2) and starvation (S1 and S2) groups. In the second week, larvae from the low-level feeding groups still lost weight, while larvae from the high-level feeding groups gained weight, with larvae in the H2 group gaining weight faster than larvae in the H1 group. Sagitta growth initially showed large variation with no consistent trend among groups. Sagitta growth then dropped during the second week in all groups except H2. Sagitta growth subsequently increased for both high-level feeding groups, with H2 larvae always growing faster than H1 larvae (Fig. 3) . At the end of the experiment, the large difference in growth between the 2 high-level feeding groups resulted in larvae from the H2 group being on average 19% longer, 128% heavier and having 123% larger otoliths than larvae from the H1 group; no larvae from the starvation or low-level feeding groups survived to the end of the experiment.
Starvation resistance and size relations
There was no relation between time of death and the size of the sagitta at hatch (estimated by the alizarin -1 for the high-level feeding groups. Low-level feeding groups not shown as no significant amount of prey was added. Feeding ratios are not corrected for missing larvae. Third-degree polynomial regression curves (heavy lines) included to show general trends in data mark area) for any of the feeding groups (Pearson product-moment correlations, r = 0.044 to 0.163, df = 109 to 181, p > 0.05) (Fig. 4) . Generally, there was a large spread in the size of the hatch-mark at all sampling times and both larvae with relatively large and small otoliths at hatch survived equally well. Thus, we reject our first hypothesis: larvae with small otoliths at hatch (a proxy for low SMR) did not survive longer than larvae with larger otoliths at hatch.
However, there was a significant positive correlation between sagitta size-at-hatch and dry weight of 4 d old larvae (Pearson product-moment correlation, r = 0.48, df = 100, p < 0.001), but sagitta size only explained 23% of the variation in dry weight (Fig. 5) . This sug- gests that the amount of maternal contribution in the form of yolk may have influenced larval survival.
Growth of survivors
Only larvae from the 2 high-level feeding groups were used in the analyses of growth and survival since these were the only larvae that survived to the end of the experiment. An overall regression of sagitta areaon-length of the larvae from all the days combined was highly significant and given by the equation: log Sagitta area = 0.0922 SL + 1.719, n = 207, r 2 = 0.81. The sagitta area was thus considered a suitable proxy for larval size.
There was a positive relation between sagitta sizeat-hatch and subsequent growth (Fig. 6 ), but the strength of this relationship varied across time and no single type of regression provided a good fit to the entire data set (e.g. linear, 0.001 < r 2 < 0.54; power, 0.001 < r 2 < 0.52). There was a clear tendency for accelerated growth to be predominantly shown by larvae with large sagitta at hatch, while reduced growth was shown by larvae with both large and small sagitta at hatch. To emphasise this pattern, larvae were grouped across sampling dates into 4 quadrants divided by mean sagitta size-at-hatch and mean sagitta growth, and the respective quadrants for each sampling date were then pooled (Fig. 7) . For both larval groups there was a significant association between sagitta growth and sagitta size-at-hatch (H1, χ 2 = 5.17, df = 1, p = 0.023; H2, χ 2 = 4.75, df = 1, p = 0.029) so that significantly fewer larvae with a small sagitta size-at-hatch showed accelerated growth. However, as with the regression analyses, a coefficient of association indicated that this relationship was not perfect (H1, Kendall's tau-b = 0.242; H2, Kendall's tau-b = 0.221). Thus, our results provide support for our second hypothesis: larvae with large otoliths at hatch (a proxy for high SMR) grow faster than larvae with low SMR during periods of high food availability.
DISCUSSION
Survival and start-feeding
The general mortality pattern was typical of experimental populations (Fig. 1) . Control and starvation groups suffered 50% mortality around Day 14, which compares with a similar study on autumn-spawning Atlantic herring by Solbakken (2001) and with Atlantic herring larvae at 12°C in general (Blaxter & Hempel 1966) . However, the mortality rates of the low-level and high-level feeding groups were surprisingly high compared to other studies. Solbakken (2001) reported mortality rates of 1.4 to 1.9 and 0.5 to 0.6% d -1 for lowlevel and high-level feeding groups, respectively, at 10°C. Likewise, Johannesen et al. (2000) reported mean daily mortality rates of 1.5 to 2.4 and < 0.4% d -1 , respectively, at 8°C.
There are several possible explanations for the high mortality observed in the present study. Chemical marking with alizarin Red S has been shown to adversely affect survival of cod eggs and larvae in some instances (Blom et al. 1994) , probably due to stress in connection with the marking event. However, the main mortality in this experiment occurred well after marking (Fig. 1) . Prey levels could have been insufficient to initiate a successful start-feeding or sustain normal growth rates. However, similar levels were used in the studies by Folkvord et al. (2000) and Solbakken (2001) , where no significant start-feeding problems were encountered. Furthermore, the prey sizes covered the range normally required by earlyfeeding herring larvae and light levels were well above what is needed to ensure a complete incidence of feeding (Blaxter & Hunter 1982) . Finally, the stocking concentration of 2.5 larvae l -1 was low compared to maximum concentrations recommended for early stage clupeid larvae (5 to 10 larvae l -1 ) (Blaxter & Hunter 1982) . Together with the high nominal prey levels, this makes it unlikely that crowding effects were the cause of the high larval mortality.
The present study was carried out at 12°C, which is a few degrees warmer than the natural conditions experienced by herring larvae from autumn-spawning North Sea stocks during first-feeding (Johannesen et al. 2000) . At the same time, the newly hatched larvae in this study had a very low average starting dry weight of 86 µg compared to values of 136 and 169 µg Bang et al. 2006) . Our batches may have been poor from the start, possibly due to the young age of some of the parent fish (Table 1) , as recruit-spawners can have smaller eggs and less viable offspring than older fish (Blaxter & Hempel 1963) . The small larval size and, hence, small energy reserves, combined with the relatively high temperature and concomitant fast development, could have given the first-feeding larvae insufficient time to learn how to successfully locate and capture prey before the onset of irreversible starvation (Blaxter & Hempel 1963 , Dou et al. 2005 ).
Starvation resistance
There was no relation between the time of death and the sagitta size-at-hatch of the larvae from any of the feeding groups (Fig. 4) . Under the assumption that sagitta size-at-hatch estimates SMR, mortality was thus not selective with respect to metabolic rate. The use of sagitta size as indicator of SMR is based on several studies on salmonids (Mosegaard et al. 1988 , Wright 1991 , Yamamoto et al. 1998 ) and a recent study on zebrafish (Bang & Grønkjaer 2005) , which all suggested a significant relationship between SMR and otolith growth. However, a preliminary experiment suggests that this relationship may be poorer in herring embryos (Bang unpubl.) , and potential speciesspecific differences should be investigated further. The present study does not support the findings of Bochdansky et al. (2005) , who found that starving radiated shanny Ulvaria subbifurcata larvae with a relatively small otolith size-at-hatch survived longer than conspecifics with a relatively large otolith size-athatch. This highlights potentially important species differences. Compared to radiated shanny that hatch with a relatively small yolk sac, Atlantic herring larvae hatch with a large yolk sac, which can account for more than half of the total body mass (Blaxter & Hempel 1963) . Obviously, the amount of yolk and, hence, the energy reserves provided at hatch, is also a major determinant of starvation resistance of the individual larva. In the case of the Atlantic herring, variable provisioning of yolk may overshadow differences in the rate at which it is utilised. Because of the large contribution of yolk to the total body mass, the amount of yolk reserves can be approximated by the dry weight of the yolk sac larvae. There was a positive relation between sagitta size and dry weight and almost a 50% weight difference between the largest and smallest larvae (Fig. 5) . The correlation is not based on dry weight data at hatch but on 4 d-old larvae (growth controls); however, prey had not yet been added and weight at Day 4 should thus have been related to weight at hatch. If larvae with a high SMR also have relatively larger energy reserves this could balance the advantage of having a smaller metabolic demand during food shortage, and the 2 groups of larvae would reach irreversible starvation at approximately the same time. A relationship between otolith size and dry weight at hatch is not a generally occurring phenomenon; e.g. in a study on spring-spawning Atlantic herring larvae Høie et al. (1999) found no correlation between sagitta size-at-hatch and larval mass. Furthermore, Bang & Grønkjaeer (2005) found a correlation between metabolic rate and otolith size-at-hatch but not between otolith size and larval size-at-hatch in zebrafish. Why such a correlation existed in this study and whether or not it had an influence on the starvation resistance is not clear.
Growth
Feeding and subsequent growth varied significantly, both between and within the different feeding regimes (Figs. 2 & 3) . Larvae from the H2 group seemed to have had a more successful start-feeding and ended up growing near their maximal potential, while the growth of the H1 group was somewhat suboptimal throughout the experiment. This may have arisen due to small differences in lighting or prey field, or because of a small difference in starting weight and otolith size between the two: at the time of first sampling, larvae from the H1 group weighed significantly less and had significantly smaller otoliths (1-way ANOVA, p < 0.001) than larvae from all the other groups (data not shown). The feeding ratios (prey larva -1 ) could not be corrected for missing larvae or natural mortality of the added zooplankton. However, the 2 sources of error are antagonistic, as the former will underestimate the actual feeding ratio while the latter will overestimate it. The observed trends in feeding ratios and their estimates are, thus, not believed to have been seriously affected. The maximum obtained feeding ratios (H1, 0.14 prey larva -1 min -1 ; H2, 0.56 prey larva -1 min -1 ) compares with the results of a study by Munk & Kiør-boe (1985) who estimated the feeding rate of satiated herring larvae in the laboratory to be 0.23 prey larva -1 min -1 . The growth rates (Fig. 3) of H2 larvae are comparable to those found in other studies on autumnspawning North Sea herring fed similar high prey levels and experiencing average growth rates of 6.1 to 6.8% d -1 (Johannessen et al. 2000 , Solbakken 2001 ). For both groups, the growth parameters responded to feeding in a well-known sequence, in that the otolith growth lagged somewhat being the somatic growth ).
Within both high-level feeding larval groups there was a significant tendency for high growth only to be shown by larvae with a large sagitta size-at-hatch (and hence assumed high SMR) (Figs. 6 & 7) . However, there was no significant difference in the number of larvae with a large sagitta size-at-hatch showing high or low growth. So to the extent that sagitta size-athatch reflects metabolic rate, it seems that a high SMR is a prerequisite for fast growth -but having a high SMR does not necessarily entail fast growth. Besides the metabolic rate of the larvae there are many other endogenous factors influencing growth, such as mater- nal effects, genetics and the previous growth history of the larva (Jones 2002) . Even though the given metabolic rate of a larva may facilitate high growth, other factors may hinder this potential from being fully expressed.
Conclusions
The present study did not show the estimated SMR of individual herring larvae to have an effect on their starvation resistance -or at least the potential influence was not detectable. It is argued that potential effects of differences in SMR were overshadowed by the variation in the amount of yolk with which the larvae initially hatched. This implies that, in the early life of herring, maternal effects may be a stronger determinant of starvation resistance than metabolic rate. For larvae starving later in life, well after the exhaustion of the yolk sac, the influence of metabolic rate may be stronger and more detectable. After the yolk sac stage no significant investment is made in energy reserves until after metamorphosis, and larvae that are not feeding have been found to be equally susceptible to starving irrespective of age or size (Miller et al. 1988 , Jordaan & Brown 2003 . Future studies should focus on the role of metabolic level in determining the starvation resistance of successfully feeding and growing post-yolk sac larvae that are subsequently starved.
On the other hand, the estimated individual SMR was shown to have a significant influence upon the ability of a larva to grow fast. Fast growth enables larvae to quickly outgrow gape-limited predators and larvae growing faster will successively encounter a smaller suite of potential predators. Furthermore, they will attain a larger size-at-age and be less susceptible to threshold mechanisms such as winter mortality (Sogard & Olla 2000) . The decreased stage-duration and larger size-at-age of fast-growing individuals thus yield a fitness advantage over slow-growing individuals. The studied system was without predators and hence did not consider risk-sensitive foraging. If predators were present, the mortality of high SMR larvae might increase because of higher predation associated with riskier foraging necessary to meet their metabolic demands (Munch & Conover 2003) . On the other hand, these fish would have more possibilities to escape from potential predators through increased swimming ability. Whatever the scenario, it is clear that metabolic rate may significantly shape the distribution of survivors in environments with high predation pressure.
